Cryptorchidism results in impaired fertility. Reduced numbers of testicular germ cells can be shown histologically during the first years of life. The process causing germ cell loss in cryptorchid prepubertal boys is unknown, but it could be the result of a form of programmed cell death known as apoptosis. 25 adult men with a history of surgically treated cryptorchidism were studied, 15 of whom had received an unsuccessful human chorionic gonadotropin (hCG) therapy before orchidopexy. Apoptotic DNA fragmentation was assayed in testis biopsies taken during orchidopexy by endlabeling, both in extracted DNA and histochemically in situ. Only a few scattered apoptotic spermatogonias were seen by end-labeling of biopsies from patients not treated with hCG, whereas more extensive labeling of spermatogonia was seen after hCG treatment. As estimated by gel electrophoresis, the amount of low molecular weight DNA was 4.3-fold higher in the hCG-treated group when compared with the level in scrotal testis of non-hCG-treated patients ( P Ͻ 0.001). About 20 yr after the biopsy, the low molecular weight DNA fragmentation correlated negatively with the testis volume ( r ϭ Ϫ 0.84; P Ͻ 0.001) and positively with serum FSH levels ( r ϭ 0.73; P Ͻ 0.001). Findings in the semen analysis were similar between the groups. Apoptotic loss of spermatogonia after hCG treatment of cryptorchidism warrants reevaluation of the safety of this treatment. ( J. Clin. Invest.
Introduction
Cryptorchidism is the most common congenital abnormality in newborn boys. The incidence of cryptorchidism has increased during the last few decades (1) from ‫ف‬ 1 to 1.5%. It is a serious risk factor for testicular cancer (2) and an important cause of infertility (3) .
The pathogenesis of the reduced fertility seen in cryptorchidism has not been fully clarified. Several previous studies have detailed the morphometric features of cryptorchid testes during the first years of life (4) (5) (6) . The germ cell counts of cryptorchid testes is within normal limits during the first year of postnatal life. They fall below the normal range between 1 and 2 yr of age, reaching the lowest level of germ cells per tubule at ‫ف‬ 2 yr of age (4) (5) (6) . The reduced fertility has been linked to the reduced number of germ cells because the cryptorchid patients with the lowest total germ cell counts have the poorest spermiograms in adulthood (7) .
Recently, it was found that in the rat testis germ cell death takes place through the process of programmed cell death (apoptosis) characterized by internucleosomal fragmentation of DNA (8, 9) . Furthermore, apoptosis in the testis has been found to be hormonally regulated by androgens and gonadotropins (8) (9) (10) . The major objective of this study was to examine the occurrence of apoptotic germ cell death in the human testis. We found increased apoptotic germ cell death after human chorionic gonadotropin (hCG) 1 treatment of cryptorchidism. Therefore, we also assessed the possible long-term consequences of the hCG treatment-induced germ cell death in prepuberty on reproductive parameters in adult life. We studied 25 adult men who underwent orchidopexy, including testis biopsies in prepuberty, with or without preceding hCG treatment, to achieve these goals.
Methods
Subjects. The subjects of our study were originally treated for cryptorchidism at the Children's Hospital, University of Helsinki, or in the Aurora Hospital, Helsinki, Finland. 25 adult men with history of cryptorchidism treated operatively were examined. Before surgical treatment 15 patients had received unsuccessful hCG treatment, which consisted of 10 intramuscular injections over a period of 5 wk. A single dose for patients younger than seven years old was 500 IU, and for patients older than seven years old, 1000 IU. The remaining ten boys were operated on without prior hormonal treatment. 21 of the patients had been treated for unilateral cryptorchidism, and 4 had been treated for bilateral cryptorchidism. All undescended testes were located either in inguinal, prepubic, or high scrotal position. Since intraabdominally located testes are particularly associated with poor prognosis for fertility, no such patients were included in our study. During orchidopexy, testicular biopsies were taken, fixed in Steve's fixative, and embedded in paraffin. The time interval between the last hCG injection and testicular biopsy varied from 1 to 4 wk in cases of prior unsuccessful hCG treatment. Testicular biopsies, taken from the normally descended testis during the operation for unilateral cryptorchidism from nine age-matched boys, served as controls (11) . On orchidopexy the age of the patients varied from 10 mo to 13 yr, and on followup examination from 16 to 30 yr.
Testicular volumes were measured by using a ruler and the formula 0.71 ϫ length ϫ width 2 (12) . The sperm was collected after a minimum of 2 d of abstinence. Semen analysis was done within 2 h and interpreted according to the World Health Organization 1992 criteria (13). The results of the semen analysis were considered normal when the sperm concentration was at least 20 ϫ 10 6 spermatozoa/ml, the percentage of spermatozoa with progressive motility was at least 50%, and at least 30% of the spermatozoa had a normal morphology. Plasma testosterone was measured by RIA after separation of steroid fractions on a Lipidex-5000 microcolumn (Packard-Becker, B.V. Chemical Operations, Groningen, The Netherlands). Plasma LH and FSH concentrations were measured by time-resolved IFMAs, using reagents from LKB-Wallac (Turku, Finland).
DNA isolation and analysis for fragmentation. Genomic DNA was extracted from paraffin-embedded testicular tissue and quantified by absorbance at 260 nm (14, 15). After extraction, one microgram of DNA from each sample was labeled at the 3 Ј -ends with ( ␣ -32 P) dideoxy-ATP (3,000 Ci/mmol; Amersham Corp., Arlington Heights, IL) using 25 U terminal transferase (Boehringer-Mannheim Biochemicals, Indianapolis, IN) (14, 16). A 1-kb DNA molecular-weight ladder (Gibco-BRL, Gaithersburg, MD) was also labeled (100 ng) using the same method as a control. The labeled DNA samples were loaded onto 2% agarose gels (200 ng/lane for testicular specimens) and separated by electrophoresis for 3 h at 50 V. The gels were dried for 2 h in a slab-gel drier and exposed to Kodak X-OMAT films (Eastman Kodak Co., Rochester, NY) at Ϫ 70 Њ C for 2-6 h and analyzed by autoradiography and ␤ -counting of low molecular weight ( Ͻ 10 kb) DNA fractions (14). After autoradiography, apoptosis, with its internucleosomally cleaved DNA fragments, could be identified by its typical ladder pattern.
In situ 3 Ј -end labeling of DNA. For in situ detection of DNA fragmentation in the testes, we used a nonradioactive DNA 3 Ј -end labeling method, based on principals as described above (14, 17, 18). The fixed, paraffin-embedded testes were sectioned at 5 m and mounted on slides coated with Vectabond (Vector Laboratories Inc., Burlingame, CA), deparaffinized, and hydrated. To remove the mercury compound included in the acidic Steve's fixative, and to neutralize the histological sections, we first soaked the slides in Gram's iodine for 5 min and then left them for 30 min in 100 mM Tris (pH 8).
Proteinase-K treatment of 20 min at 37 Њ C (5 g/ml in 20 mM Tris, 2 mM CaCl 2 , pH 7.4; Boehringer-Mannheim) was followed by incubation for 10 min in terminal transferase buffer (200 mM potassium cacodylate, 25 mM Tris, 0.25 mg/ml BSA, 5 mM CoCl 2 ; pH 6.6) at room temperature. DNA 3 Ј -end labeling with digoxigenin-ddUTP was done by adding terminal transferase (1 U/ l; Boehringer-Mannheim), digoxigenin-ddUTP (5 M; Boehringer-Mannheim), and ddATP (45 M; Pharmacia Fine Chemicals, Uppsala, Sweden) in fresh buffer and incubating the sections in this solution at 37 Њ C for 1 h.
After labeling, the slides were washed three times for 10 min at room temperature in buffer 1 (100 mM Tris, 150 mM NaCl, pH 7.5) and then incubated with buffer 2 (100 mM Tris/150 mM NaCl, pH 7.5, 0.5 % wt/vol blocking-reagent; Boehringer-Mannheim) for 30 min at room temperature. Antidigoxigenin antibody conjugated with alkaline phosphatase was next added to this buffer (1:8,000 in 0.5% wt/vol buffer 2), and the sections were incubated with the antibody at room temperature in a humidified chamber for 2 h.
Three 10-min washes in buffer 1 were followed by equilibration in buffer 3 (100 mM Tris, 100 mM NaCl, 50 mM MgCl 2 ; pH 9.5), after which substrates for alkaline phosphatase (337.5 g/ml nitroblue tetrazolium, and 175 g/ml 5-bromo-4-chloro-3-inodyl-phosphate; Boehringer-Mannheim) were added. The color reaction was allowed to develop for ‫ف‬ 20 min, and was terminated by soaking the slides in buffer 4 (10 mM Tris, 1 mM EDTA; pH 8) for 5 min. The stained sections were then mounted with coverslips, and the extent of apoptosis was analyzed by light microscopy (400 ϫ ). For each section (depending on its size), five to ten randomly selected fields were analyzed. The analysis was done without any prior knowledge of the sample.
Quantitative analysis of apoptosis. The quantitation of apoptosis was performed both biochemically and histochemically. In the biochemical analysis, the extent of internucleosomal DNA cleavage in isolated DNA, a widely accepted hallmark of apoptosis, was used.
The level of apoptotic DNA cleavage per 200 ng of total DNA in biopsies taken from cryptorchid testes was expressed relative to the corresponding level of DNA cleavage observed in the scrotal testes (control or normal background). This method of quantitation has clear advantages since the DNA extracted from biopsies represents a larger sampling of the tissue than could be obtained from histochemical analysis. Furthermore, the level of apoptotic DNA cleavage reflects specifically the extent of germ cell apoptosis since the apoptotic cells possessing fragmented DNA were identified in situ as being exclusively spermatogonia. In the histochemical analysis, the level of apoptosis was assessed by counting the number of apoptotic cells (spermatogonia) labeled by the 3 Ј -end labeling reaction in tissue sections relative to the total number of Sertoli cells. The level of apoptosis was expressed as a ratio of apoptotic spermatogonia to Sertoli cells in each biopsy specimen. 
Results
Apoptotic DNA fragmentation after treatment with hCG. Testicular DNA isolated from samples obtained from prepubertal boys was analyzed using 3 Ј -end labeling with terminal transferase, followed by gel fractionation and autoradiography. Samples were obtained from all boys for autoradiography and quantitation. In testis biopsy specimens from boys who had not received hCG treatment for cryptorchidism, no or little internucleosomal DNA fragmentation was visible, even with the highly sensitive method we used to analyze DNA integrity (Fig. 1 A ) . This finding was consistent both in the scrotal (control) and in the cryptorchid testes. In contrast, the ladder pattern showing the internucleosomal DNA fragmentation typical of apoptosis was pronounced in samples obtained from testes after unsuccessful treatment of cryptorchidism with hCG ( Fig. 1 A ) . Quantification with low molecular weight DNA ( Ͻ 10 kb) showed that testicular DNA from boys not having received hCG treatment for cryptorchidism consistently dis- played very low levels of DNA fragmentation both in the scrotal and in the cryptorchid testes. In contrast, the mean amount of low molecular weight DNA in samples taken after hCG treatment was 4.3-fold higher when compared with the control samples of scrotal testes, obtained without prior hCG treatment ( P Ͻ 0.001, Fig. 1 B ) . The levels of low molecular weight DNA between hCG-treated and non-hCG-treated patients did not overlap, and the levels of low molecular weight DNA were neither dependent on the age nor the location of the cryptorchid testis. Furthermore, when the levels were assessed as either normal or elevated based on the findings in the controls from scrotal testes, the two groups of cryptorchid boys were almost completely separated (Table I ). P]ddATP (400 ng/reaction). The DNA samples were then loaded on agarose gels and separated by electrophoresis. Evidence of apoptosis, indicated by the occurrence of internucleosomal DNA breakdown into 185-basepair (bp) multiples, is observed in the testis after hCG treatment, whereas little or no DNA fragmentation is observed in the scrotal (control) or cryptorchid testes without preceding treatment with hCG. (B) Quantitative analysis of DNA integrity, based on all testis biopsy specimens (n ϭ 25) assessed by ␤-counting of the low molecular weight (Ͻ 10 kb) DNA fractions following electrophoresis. MeanϮSEM of data demonstrate that significantly increased apoptotic DNA cleavage occurs in the cryptorchid testis only after treatment with hCG. In situ analysis of DNA fragmentation. To find out the specific cell types with increased DNA fragmentation, in situ 3 Ј -end labeling with digoxigenin-ddUTP was done on paraffinembedded sections of testes from boys with and without prior hCG treatment. In prepubertal boys, spermatogenesis had progressed to late mitotic cells, and histological sections indicated the presence of spermatogonia and possibly a few primary spermatocytes. The majority of the sections of the seminiferous tubules showed no labeled cells with the in situ 3 Ј -end labeling method in boys not having received hCG treatment. A few of the apoptotic cells were localized in some tubules, and were identified as being exclusively spermatogonia (Fig.  2 A ) . These apoptotic spermatogonias appeared as single cells scattered around the testis, however, some sections of the seminiferous tubule contained more positively staining cells than others. In hCG-treated boys, the number of seminiferous tubules with DNA labeling was increased, which was consistent with observed increases in apoptotic fragmentation of the whole testis DNA. Also, in the samples taken after hCG treatment, the cell types that showed increased labeling were found to be spermatogonia.
For quantitative analysis, the number of the 3 Ј -end labeled spermatogonia were expressed per total number of Sertoli cells. The mean number of apoptotic spermatogonia was 6.7-fold higher when compared with the control samples of scrotal testes, obtained without prior hCG treatment ( P Ͻ 0.001, Fig. 2 B ) .
Adult hCG-treated versus non-hCG-treated patients. Having found increased apoptotic germ cell death after treatment of cryptorchidism with hCG in testis biopsies taken ‫ف‬ 20 yr ago, we assessed the possible long-term consequences of the hCG treatment-induced germ cell death in prepuberty on reproductive functions in adult life. Because of the small number of patients with bilateral cryptorchidism (two hCG-treated, two nontreated patients), statistical analyses were only done for the patients with unilateral cryptorchidism, although the results were consistent in boys with unilateral and bilateral cryptorchidism. When the cryptorchid patients were divided according to the levels of DNA fragmentation, those patients who had exhibited elevated DNA fragmentation also had smaller testis volumes and higher serum FSH levels than those with normal levels of low molecular weight DNA (Table II) . Serum LH and testosterone levels were similar between the two groups. Furthermore, no differences were observed in any of the parameters of the semen analysis, although a tendency for poorer semen quality was seen in patients with elevated levels of low molecular weight DNA (Table II) . A significant negative correlation was found between the level of low molecular weight DNA and the testis volume in adulthood (Fig. 3) . Furthermore, the level of low molecular weight DNA positively correlated with serum FSH levels. The three patients with the highest level of DNA fragmentation were those who had supranormal serum FSH levels (i.e., Ͼ 10 IU/L) (Fig. 3) .
Discussion
Using the gel fractionation and in situ analysis of DNA fragmentation, this study provides biochemical evidence of apoptotic cell death in testicular germ cells in prepubertal boys. Testicular DNA analyzed by 3 Ј -end labeling followed by autoradiography showed that the levels of apoptotic (internucleosomal) DNA fragmentation in the cryptorchid testis is increased after treatment of cryptorchidism with hCG. In situ analysis further demonstrated DNA fragmentation in spermatogonia in a subpopulation of seminiferous tubules. Furthermore, the levels of apoptotic cell death after treatment with hCG correlate with testis volume (negative) and serum FSH levels (positive) in adult life, suggesting that these findings have direct clinical relevance. The testis is very vulnerable in prepubertal life, and several factors that negatively affect the germ cells in prepuberty can cause disruptions of germ cell development and subsequent hypogonadism. Since cryptorchid patients have reduced numbers of germ cells, these patients may not be able to adequately compensate for any further reduction in germ cell numbers induced by hCG treatment.
Cell death may occur by two different mechanisms: necrosis and apoptosis (19) . In apoptosis, a specific endonuclease cleaves the cell's DNA at internucleosomal sites to form multimers of 180-200 basepairs, a precise phenomenon which has been largely accepted as the hallmark of apoptosis (20) . Observations on the morphological changes in the cell reveal nuclear and cytoplasmic condensation and breakage of the cell into several membrane-bound apoptotic bodies. These bodies are then rapidly phagocytosed by macrophages or by other neighboring cells. Apoptosis has been observed in many differ- Subjects were divided into two groups according to the treatment or the levels of low molecular weight DNA fragmentation in the undescended testis (n ϭ 21). The biopsies were taken in prepuberty during orchidopexy. Values are meanϮSEM. *Normal levels of low molecular DNA cleavage were based on results obtained from biopsies of control subjects (scrotal testes of nine prepubertal boys, no prior hCG treatment). In cryptorchid boys, values below the 95% confidence limit were considered normal. ‡ Values above the 95% confidence limit were considered elevated. ent tissues, both healthy and neoplastic; it typically involves single scattered cells, and since it progresses rapidly, it is difficult to observe (20) . Apoptosis may be caused by noxious agents, but unlike necrosis, it primarily occurs after a physiological stimulus such as a surge or a withdrawal of a hormone (19) (20) (21) .
On the basis of morphological analysis, germ cell degeneration during spermatogenesis was recognized almost a century ago (22) . Germ cell deletion during normal spermatogenesis has been estimated to result in the loss of up to 75% of the potential numbers of mature sperm cells in the adult testis (23) (24) (25) . In the rat, peaks of germ cell loss have been shown in three distinct stages of spermatogenesis: during mitotic divisions of type A spermatogonia, during meiotic divisions of spermatocytes, and during spermiogenesis (24) .
Consistent with the recent data derived from studies of the rat testis, the cell types showing biochemical evidence of apoptosis in human testis were spermatogonia (9) . It is established that spermatogenesis is gonadotropin-dependent, and optimal function of the testis is supported by FSH and by intratesticular androgens induced by luteinizing hormone. Hypophysectomy or neutralization of circulating gonadotropins increases degeneration of spermatogenic cells (26) (27) (28) . In addition, some data indicate that the drop in serum testosterone levels also causes apoptosis in germ cells of the testis, especially among haploid cells (29). Since serum testosterone levels are increased during the 5-wk hCG treatment by about 150 to 200-fold, followed by a decrease to low prepubertal levels within a few weeks (30), we assume that the increase in germ cell apoptosis after hCG treatment seen in this study most likely reflects the androgen withdrawal effect.
An interesting finding was that the patients having had hCG treatment for cryptorchidism, compared with the nonhCG-treated patients, had smaller testis volume as adults. These findings suggest that normal development of the testis is disrupted by the hCG treatment, possibly through the mechanism of increased apoptotic germ cell death. We could note a tendency of poorer sperm quality in patients having received hCG treatment before operation, but none of the differences were significant, most likely due to the compensating effect of the scrotal testis in cases of unilateral cryptorchidism. The small number of patients with bilateral cryptorchidism available for this study did not allow us to substantiate the effect of hCG treatment on sperm production.
In the numerous studies of semen analysis from men after cryptorchidism, there is considerable variation in the percentage of patients with azoospermia and oligospermia (31) (32) (33) (34) (35) (36) (37) (38) (39) . In an analysis of 27 published studies, the percentages of patients with azoospermia or oligospermia have been shown to be roughly similar for the groups that had surgical treatment, hormonal treatment, or combinations of both (34) . Unsuccessful hCG treatment followed by orchidopexy, however, seems to result in a higher prevalence of azoospermia than orchidopexia alone (56% compared with 42%, respectively) (34) .
Hormonal treatment of cryptorchidism was introduced in 1930, and the first hormone used was hCG (40, 41) . Cryptorchidism has also been treated with synthetic analogs of LHreleasing hormone (LHRH) (42-44), and combined hormonal therapy with hCG and LHRH (45) (46) (47) . The success rates have been reported to vary from 0 to 55% with hCG (48) and from 9 to 78% with LHRH (49) . Recently an extensive metaanalysis of 33 articles containing a total of 3,282 boys with 4,524 cryptorchid testes showed that the success rates with hCG and LHRH are similar (19 and 21%, respectively), but different from placebo (4%) (50) . The side effects of various treatments have not been extensively studied. One recent investigation reported an increase in intravascular leukocyte aggregation, and an increase in volume density of testicular blood vessels as well as the occurrence of interstitial bleeding, in the testes of hCGtreated boys (51) . Along these lines, previous studies have indicated that hCG causes inflammation-like changes in both human and animal testes (52, 53) . In this study we demonstrate that treatment with hCG is followed by an increase in germ cell apoptosis, which in turn is associated with smaller testis volume and higher FSH levels in adulthood. In summary, we Figure 3 . Correlations between the relative levels of low molecular weight DNA fragmentation and adult testis volume (r ϭ Ϫ0.84; P Ͻ 0.001) and serum FSH level (r ϭ 0.73; P Ͻ 0.001) in patients treated for unilateral cryptorchidism with (circles) and without (squares) hCG in prepuberty.
propose that because of poor treatment success rates and now clearly shown side effects, the potential hazards of hCG treatment on the testis should be critically reevaluated.
